The highly conserved insulin-signaling pathway influences very diverse processes including intermediary metabolism, reproduction, aging, and growth. The first pathway component is the insulin receptor that upon insulin binding triggers the signal-transduction cascade. Its variation, like that of other pathway components, might therefore affect many organismal traits. Variation at the ''Insulin-like'' receptor (InR) gene was surveyed both within Drosophila melanogaster and between species across the Drosophila phylogeny. In D. melanogaster, the level and pattern of variation at the ;8-kb region surveyed did not provide any indication of a recent selective event in this region. Maximum likelihood (ML) analyses revealed the past action of purifying selection acting differentially both across the phylogeny and along the studied gene. Moreover, the ML analyses and the McDonald and Kreitman test revealed the footprint of positive selection driving amino acid changes to fixation in the branch separating the Sophophora and the Drosophila subgenera, and in the D. melanogaster lineage, respectively. The oldest selective events could have affected either the insulin binding or the signal-transduction capacities of the receptor, whereas mutations affecting signal transduction would seem to underlie the more recent events.
Introduction
The insulin-signaling pathway is an evolutionary conserved pathway at both the structural and functional levels, as revealed by comparative sequence analysis from insects to humans (Garofalo 2002; Goberdhan and Wilson 2003) . In insects, this pathway seems to play a key role in intermediary metabolism, reproduction, aging, and growth (Wu and Brown 2006) . In Drosophila melanogaster, mutations at genes of the insulin-signaling pathway can affect such diverse traits as glycogen and lipid storage (Saltiel and Kahn 2001; Garofalo 2002) , egg maturation (Ikeya et al. 2002; Broughton et al. 2005) , life span (Clancy et al. 2001; Tatar 2004; Bishop and Guarente 2007; Giannakou and Partridge 2007) and adult body size (Stocker and Hafen, 2000; Johnston and Gallant 2002; Saucedo and Edgar 2002; Oldham and Hafen 2003) .
The first component of the insulin-signaling pathway is the insulin-like receptor, which is a transmembrane receptor that upon insulin binding triggers the signaltransduction cascade. In D. melanogaster, it is encoded by the ''Insulin-like receptor'' gene (referred to as InR in FlyBase; http://flybase.bio.indiana.edu/). This gene is located on the right arm of the third chromosome at band 93E4-E5, within a large QTL for clinal body size variation in both Australia and South America. Although the QTL is coincident with the entire In(3R)P inversion that varies latitudinally in these continents (Gockel et al. 2002; Calboli et al. 2003) , the InR gene is located in a region flanked by two markers for which clinal frequency variation cannot be solely explained by the inversion variation (Kennigton et al. 2006 ). This gene can be therefore considered a candidate for its variation having been shaped by positive selection in its recent past and possibly also in its more distant past.
The InR-coding sequence consists of 10 exons that span approximately 7.5 kb and encode a protein of 2,146-2,148 amino acids (Fernandez et al. 1995; Ruan et al. 1995) , which presents extended amino-and carboxylterminal domains relative to the human orthologous protein (Ruan et al. 1995) . The precursor monomer molecule is proteolytically processed into an a-and a b-subunit. The mature receptor is a dimeric protein formed by the subunits from two processed monomers joined by disulfide bonds ( fig. 1A ; Fernandez-Almonacid and Rosen 1987; Ruan et al. 1995) . The a-subunits are extracellular and bind insulin, whereas the b-subunits anchor the dimeric protein into the membrane and contain the ligand-inducible tyrosine kinase activity (LeRoith 1995) . The b-subunit of InR has an ;400 amino acid-long unusual carboxyl-terminal extension (InR tail). This InR tail contains some motifs similar to those observed in other proteins of the insulin-signaling pathway, suggesting that in Drosophila, InR could mediate signaling pathways that usually require these proteins (Yenush et al. 1996) .
In humans, the current model for insulin binding (De Meyts and Whittaker 2002; De Meyts 2004; McKern et al. 2006; Ward et al. 2008 ) posits that each monomer in the InR dimer contains two different binding sites (sites 1 and 2). The high affinity state occurs when insulin binds to both site 1 of one monomer and site 2 of the other monomer. Site 1 is formed by the L1 and CR domains and also by the last 16 residues of the a-chain ( fig. 1 ; Ward et al. 2008) , whereas site 2 involves some loops of the FNIII 0 domain, the N-terminal loops of the FNIII 1 domain (Ward et al. 2008) , and probably also some residues of the L2 domain (Benyoucef et al. 2007 ). Moreover, analyses using receptor chimeras have shown that the first 68 residues of the L1 domain (Kjeldsen et al. 1991; Andersen et al. 1992) as well as the central modules of the CR domain are important determinants of insulin binding.
Here, we surveyed nucleotide variation at the InR gene within D. melanogaster and also between species across the Drosophila phylogeny in order to uncover possible selective events at different timescales. The footprint of positive selection driving amino acid changes to fixation was detected both in the branch separating the Sophophora and the Drosophila subgenera and in the D. melanogaster lineage. The oldest selective events might have been mediated by adaptive changes affecting either the insulin binding or the signal-transduction capacities of the receptor, whereas mutations affecting signal transduction would underlie the more recent events.
Materials and Methods

Fly Strains
Eight isochromosomal lines from a natural population of D. melanogaster (CNIII) and one highly inbred line of Drosophila simulans (SAL) were used. These lines were obtained from isofemale lines established upon collection in Sant Sadurní d'Anoia, Barcelona, Spain (CNIII), and in Alella, Barcelona, Spain (SAL). The isochromosomal lines for the third chromosome of D. melanogaster were obtained and kindly provided by D. Orengo from F 1 males by a series of crosses with the TM6B, Tb/MKRS balancer stock. The highly inbred D. simulans line was obtained by 10 generations of sib mating.
Polymerase Chain Reaction (PCR) Amplification and Sequencing DNA was extracted from 1 and 10 individuals in the case of the highly inbred D. simulans and the 8 isochromosomal D. melanogaster lines, respectively. A modification of protocol 48 in Ashburner (1989) was used for DNA extraction. Amplification and sequencing primers were designed using the Oligo version 4.1 program (Rychlik 1992 ) and the InR sequence retrieved from release 4.2 of the D. melanogaster genome sequence (http://flybase.bio. indiana.edu/). The length of the amplification oligonucleotides varied from 20 to 24 nt depending on the length of the amplified fragment. Sequencing oligonucleotides were 18 nt long and they were designed at ;600-nt intervals. The amplified region was generally ;8-kb long and contained the coding region, the complete 3# untranslated (UTR) and part of the 5#UTR of the InR gene. For some lines, however, two ;5-kb long fragments with an ;1.3-kb overlap were amplified and sequenced. PCR conditions varied according 1724 Guirao-Rico and Aguadé to the amplification strategy and in some cases included a ramp with a 1°C reduction in annealing temperature per cycle. The amplification products were purified with a single-strand DNA enzymatic hydrolysis reaction (''Exo-SAP-IT''method, USB), and subsequently cycle sequenced using the ABI PRISM Dye Terminator Cycle Sequencing Ready Reaction v. 3.0, or v. 3.1, kit (Applied Biosystems). The sequenced fragments were separated on ABI PRISM 3700 automated DNA sequencers (ABI Applied Biosystems). DNA sequences were obtained on both strands for each line. All new sequences in this article have been deposited in the EMBL database under the accession numbers FN394654-FN394662.
Identification of the InR Orthologs
The best reciprocal Blast hit approach (using TBlastN) was used to identify the orthologs of the D. melanogaster InR gene in 10 Drosophila genomes (http://rana.lbl.gov/ drosophila/; Clark et al. 2007 ): Drosophila sechellia, Drosophila yakuba, Drosophila erecta, Drosophila ananassae, Drosophila pseudoobscura, Drosophila persimilis, Drosophila willistoni, Drosophila mojavensis, Drosophila virilis, and Drosophila grimshawi. The InR sequences were downloaded from the GLEANR annotation for all species except for D. mojavensis for which the GLEAN annotation was used because the GLEANR annotation lacked the start codon. In all species, the InR gene was in Muller's element E (3R chromosomal arm in D. melanogaster). For each species, the sequence with the highest score (in the range of 2 Â 10 À55 to 0.0 scores) was retrieved and the presence of a single annotated InR copy in each assembled genome was confirmed.
The structural information about the InR domains was obtained from the Receptors for Insulin and insulin-Like Molecule (RILM) database (Garza-Garcia et al. 2007 ; Receptors for Insulin and Insulin-Like Molecules; http:// www.biochem.ucl.ac.uk/rilm/home.html). RILM is a resource that compiles structural information about the family formed by insulin receptors, insulin-like growth factor 1, and other insulin-like molecules and also on functional mutations. RILM was also used to obtain the aligned protein sequences of four additional insect species: Aedes aegypti, Bombyx mori, Tribolium castaneum, and Apis mellifera.
Data Analysis
The SeqMan version 5.53 program (DNASTAR, Madison, WI) was used to assemble DNA sequences. Sequences were multiply aligned with the ClustalW program (Thompson et al. 1994 ) and manually edited using the MacClade version 3.05 program (Maddison WP and Maddison DR 1992) . The Gblocks version 0.91b program (Castresana 2000) was used to automatically exclude segments of poorly aligned sequences. This method is based on the selection of blocks of positions that satisfy a simple set of requirements with respect to the number of contiguous conserved positions, lack of gaps, and high conservation of flanking positions, making the final alignment more appropriate for likelihood analysis. The program rejects all stretches of contiguous nonconserved positions bigger than a certain value, all gap positions, nonconserved positions adjacent to a gap position and small blocks remaining after gap cleaning. The program was run with the default values described in the documentation, because these values seem suitable for moderately divergent protein alignments (Castresana 2000) . Furthermore, the program was run using the amino acid sequence alignment because the program default values have only been tested for protein alignments. The DnaSP version 4.10.8 program (Rozas et al. 2003 ) was used to perform most intraspecific and interspecific analyses as well as neutrality tests.
The level of nucleotide polymorphism was estimated as the per-site nucleotide diversity (p; Nei 1987) . Haplotype number (h) and haplotype diversity (Hd) were also estimated (Nei 1987) . The Tajima (1989) , Fu and Li (1993) , and Fay and Wu (2000) tests were performed to contrast whether the frequency spectrum of nucleotide polymorphisms conformed to neutral expectations. Monte Carlo simulations based on the neutral coalescent process (Hudson 1990 ) were performed to obtain the P values of neutrality tests. Confidence intervals were established from the empirical distribution of the test statistics obtained from 1,000 simulated replicates. Coalescent simulations were performed conditioning on the number of segregating sites and under the more conservative assumption of no recombination.
Interspecific divergence was estimated as the number of nucleotide substitutions per site (K). Synonymous (K s ) and nonsynonymous (K a ) divergence was estimated according to Nei and Gojobori (1986) and subsequently corrected according to Jukes and Cantor (1969) .
The McDonald and Kreitman (MK) test (McDonald and Kreitman 1991) was performed to assess whether the ratio of polymorphic to fixed synonymous and nonsynonymous changes conformed to neutral expectations. For the MK test, polymorphic changes in D. melanogaster were compared both with changes fixed between D. melanogaster and D. simulans, and with changes fixed in the branch leading to D. melanogaster, as inferred by using D. simulans and D. yakuba as outgroups.
Phylogenetic Likelihood Analyses
The maximum likelihood (ML) analysis of interspecific divergence is based on the 10 InR orthologs downloaded from the corresponding genomic sequences (see above) and on sequences generated in the present study for D. melanogaster (CNIII 7) and D. simulans (SAL). The ML analyses were performed using the codeml program included in the PAML version 3.14 software package (http://abacus.gene.ucl.ac.uk/software/paml.html; Yang 1997). The codeml program, which implements codon substitution models (Goldman and Yang 1994) , allows estimating synonymous and nonsynonymous substitution rates and detecting positive selection in coding sequences. P values can be obtained using the ''chi2'' program, also in the PAML package. The best-supported phylogenetic tree topology for the 12 Drosophila species, which places D. erecta and D. yakuba as sister species (Pollard et al. 2006; Clark et al. 2007) , was used to conduct the analyses. ML estimates Adaptive Evolution of the Drosophila InR Gene 1725
were obtained under different types of codon substitution models. First, ''Branch models'' that allow the x ratio (x 5 K a /K s ) to vary among branches in the phylogeny (Yang 1998; Yang and Nielsen 1998) : M0 (one x ratio for all lineages) and FR (one x ratio for each branch). Second, ''Site models'' that allow the x ratio to vary among codons Yang et al. 2000) : M1 (nearly neutral), M2 (positive selection), M7 (beta), M8 (beta and x), and M8 fix (M8 with x fixed at 1) . Third, ''Branch-site models'' that allow the x ratio to vary among both sites and lineages (Yang and Nielsen 2002; Zhang et al. 2005 ): MA and MA fix (x 2 fixed at 1). Finally, models for the combined analysis of partitioned data (Yang and Swanson 2002) , in the present case of fragments encoding different functional domains: Mgene 5 0 (M G 0; with the same j, x, and p model parameters but different proportional branch lengths), and Mgene 5 3 (M G 3; with the same p but different j, x, and proportional branch lengths) (Yang and Swanson 2002) .
The tree branch lengths were estimated under the M0 model and then used as the initial values in more complex codon model analyses. Synonymous estimates were in all cases (both when using the InR alignment and the GblocksInR alignment) less than 1.5 and could thus be considered reliable (see PAML FAQ documentation). To prevent incorrect parameter estimates as a result of local optima and low accuracy in Bayesian identification of positively selected codon sites, the codeml program was run multiple times specifying different initial values.
The Likelihood Ratio Test (LRT) was used to compare the fit of pairs of nested models (null and alternative models) with the data, assuming that twice the log likelihood difference between the two models has a chi-square distribution, with a number of degrees of freedom equal to the difference in the number of free parameters (Whelan and Goldman 1999) . In cases where the correct likelihood ratio statistic distribution was unknown (e.g., M8 fix vs. M8 and MA fix vs. MA), significance was established using a chisquare distribution with one degree of freedom (Zhang et al. 2005) . Different nested pairs of models were compared using the LRT: 1) Branch models M0 versus FR; 2) Site models M1 versus M2, M7 versus M8, and M8 fix versus M8; 3) Branch-site models M1 versus MA (test 1) and MA fix versus MA (test 2); and 4) ''Models for the combined analysis of partitioned data'' M G 0 versus M G 3. Although the branch-site models are more effective than both the branch and the site models, they can generate false-positive results if model assumptions about the evolutionary process are violated (Suzuki and Nei 2004; Zhang 2004 ). Indeed, test 1 can produce false positives under relaxed constraint, whereas test 2 is more conservative (Zhang 2004) . In cases where the LRT was significant, the Bayes Empirical Bayes (BEB) method implemented for models M2, M8, and MA ) was used to calculate the posterior probabilities for codon classes.
Analysis of Amino Acid Physicochemical Properties
The effect of a particular amino acid change on the encoded protein, or protein domain, can determine the fate of the underlying nonsynonymous mutations. McClellan et al. (2005) proposed a method to summarize the impact of all possible amino acid changes for any particular property (31 physicochemical properties). In this method, once the distribution of effects (i.e., magnitudes of physicochemical property changes) is obtained, its range is divided into eight categories (magnitude categories according to McClellan et al. 2005 ). Amino acid changes are then assigned to these categories according to their individual effect. Two distributions can thus be obtained, one for all possible changes (expected distribution) and another for all observed or inferred changes (observed distribution). For each property and protein domain, the frequencies of expected and inferred amino acid replacements for each magnitude category are compared (z-score). Significantly positive z-scores indicate an overrepresentation of substitutions of that magnitude relative to those expected by chance (i.e., if all substitutions are equally likely) and significantly negative z-scores indicate an underrepresentation of substitutions relative to those expected by chance. Because substitutions that greatly affect a physicochemical property (i.e., in magnitude categories 6-8) can be considered radical changes, we focused on substitutions in these categories and more specifically on those where an excess of substitutions relative to those expected by chance had been detected. Statistical significance for the 31 properties was established using a Bonferroni correction to account for the effects of multiple comparisons under the conservative assumption of complete independence of individual comparisons (adjusted P value , 0.001; Sokal and Rohlf 1995) .
This method is implemented in the TreeSAAP version 3.2 program (Woolley et al. 2003) , which uses the baseml algorithm from PAML (Yang 1997) to reconstruct, under a particular nucleotide substitution model, the ancestral character states at each node of the phylogeny in order to infer codon substitutions at each branch and categorize the encoded amino acid changes for each of the 31 physicochemical amino acid properties. The Modeltest version 3.7 program (Posada and Crandall 1998) was used to select the model of nucleotide substitution that best fits our data, which was the model of Tamura and Nei (1993) .
Modeling the InR 3D Structure
The I-TASSER server (http://zhang.bioinformatics. ku.edu/I-TASSER; Zhang 2007 Zhang , 2008 ) was used to predict the 3D structure of the D. melanogaster InR protein. Modeling was based on profile-profile alignment threading alignments and iterative simulations. The template for modeling was selected by I-TASSER according to the C-score (À0.30), TM-score (0.67 ± 0.12), and root mean square deviation (9.2 ± 4.6) values, which indicate that the generated model is within the confidence interval of what is considered a correct topology (Zhang 2007 (Zhang , 2008 . The best template was the human insulin receptor ectodomain (i.e., the extracellular part of the receptor) (2DTG.pdb). The Drosophila modeled structure ( fig. 1B) comprises only the N-terminal part of the FNIII 1 domain, given the presence of 120 residues in the human receptor with a poorly determined structure (ID; McKern et al. 2006) . The Swiss-PdbViewer, 1726 Guirao-Rico and Aguadé version 3.9b2, program (Guex and Peitsch 1997) was used to visualize the 3D structure and to highlight the location of the amino acid residues predicted by the BEB method to have been positively selected.
Results
Polymorphism in D. melanogaster
In D. melanogaster, the surveyed InR gene region extends over 7,739 bp (excluding sites with alignment gaps) and includes the gene and its 5# and 3# flanking regions (114 and 572 bp, respectively). Table 1 gives a summary of polymorphism at the InR gene region (see also supplementary figs. S1 and S2, Supplementary Material online). A total of 92 segregating sites were detected, 33 of which were singletons. The observed levels of nucleotide diversity at both silent (p sil 5 0.013) and synonymous sites (p s 5 0.018) were similar to those previously reported for other genes in this species (p sil 5 0.011 and p s 5 0.0134, Moriyama and Powell 1996; p s 5 0.0165, Andolfatto 2001). Estimates of nucleotide diversity were lower at the noncoding flanking regions than at both synonymous and intronic sites of the InR gene, with synonymous sites exhibiting the highest nucleotide diversity. Estimated nonsynonymous nucleotide diversity was one order of magnitude lower than estimates at both silent and synonymous sites (table 1). About half of the nonsynonymous polymorphisms were in the first exon (five of nine; supplementary figs. S2 and S3, Supplementary Material online). Seven indel polymorphisms (ranking from 1 to 18 nt in length) were detected. Five of these length polymorphisms were multiple of 3 nt and they were all in exon 1, whereas the other two indels (1 and 3 nt long) were in introns (supplementary fig. S2, Supplementary Material online) .
The pattern of polymorphism was characterized by means of summary statistics of the site-frequency spectrum: Tajima's D (Tajima 1989 Begun et al. 2007 ). As with polymorphism, the lowest level of nucleotide divergence was detected at the InR flanking regions, suggesting that these noncoding regions are likely under moderate selective constraint (Bergman and Kreitman 2001; Halligan et al. 2004; Andolfatto 2005) . Nucleotide divergence estimates were higher at both noncoding and synonymous sites than at nonsynonymous sites, reflecting the higher functional constraint at nonsynonymous sites.
The ratio of nonsynonymous to synonymous divergence (x 5 K a /K s ) reflects putative differences in the level of functional constraint acting at the two types of sites. Similar divergence estimates, and therefore similar K a /K s ratios, were obtained using the Nei and Gojobori (1986) method and the ML approach. For the InR gene, this ratio was much lower than 1 (x 5 0.083), indicating the action of purifying selection on the encoded protein since the split of the D. melanogaster and D. simulans lineages.
Polymorphism and Divergence in Two Closely Related Species
We compared nonsynonymous and synonymous polymorphism and divergence using the MK test (McDonald and Kreitman 1991) , which allows discerning between the effects of negative and positive selection and is specially informative about adaptive changes at a short timescale. This test yielded a statistically significant result both when considering changes fixed between D. melanogaster and D. simulans and when only considering the D. melanogaster lineage-specific fixed changes (table 2) . This would suggest an excess of fixed nonsynonymous changes in the D. melanogaster lineage. Moreover, the test was also performed separately for the regions encoding the Adaptive Evolution of the Drosophila InR Gene 1727 extracellular and cytosolic parts of the receptor (table 2) .
Only the tests performed with the cytosolic encoding region yielded significant results. Therefore, the significant result obtained in the MK test could be attributed to selection operating on the InR region encoding the cytosolic domains.
ML Analysis of Divergence across the Drosophila Phylogeny
The number and length of exons and introns varied across the 12 orthologous InR genes studied. The InR protein length varied from 1,881 amino acids in D. ananassae to 2,153 amino acids in D. simulans. Unlike in the D. melanogaster and D. simulans alignment, part of the N-terminal coding sequence was excluded from the 12 InR ortholog alignment (Thompson et al. 1994) , because positional homology could not be precisely established for most of the N-terminal encoding fragment. The Gblocks program (Castresana 2000) was later used for the nonarbitrary removal of poorly aligned positions (i.e., either nonhomologous positions or sites with multiple substitutions) from the analysis. When the Gblocks method was applied to the multiple amino acid sequence alignment, 38% of the original alignment positions (759 of 2,033 residues) were removed, leading to a 3,822 nt-long alignment.
The pattern of change during the evolution of the InR orthologs was examined by means of ML analysis (table 3  and supplementary table S1 , Supplementary Material online). Comparison of the nested M0 and FR branch models by means of the LRT yielded a significant result (table 3) , indicating different x values for different lineages. However, the x values were in all cases less than 1 (between 0.015 and 0.26), indicating the action of purifying selection on the encoded protein across the phylogeny. We also looked for evidence of positive selection among codons of the InR gene through the comparison of nested site models (table 3) . Although the M7 versus M8 test yielded a significant result (P 5 0.02; table 3), this result must be taken with caution given the nonsignificant result of the more conservative M8 fix versus M8 test.
Availability of prior 3-D structure information about the InR domains in RILM (http://www.biochem.ucl. ac.uk/rilm/home.html) allowed partitioning sites into the nine gene regions encoding the nine protein structural domains ( fig. 1A ) and, thus, to test for variable pressures (i.e., for variability in the x ratio) along the InR gene. The nested evolutionary models M G 0 and M G 3 were compared to test for heterogeneity in the x ratios across domains. The M G 3 model fitted the data significantly better than the M G 0 model (table 3) , suggesting different selective pressures across the gene partitions. The M1 site model and the MA and MA fix branch-andsite models were used to examine whether there was evidence for the action of positive selection affecting some sites along the branch that connects the Sophophora and Drosophila subgenera given some previous indication that traits possibly affected by the insulin-signaling pathway, such as body size, differed between subgenera (Sturtevant 1939; Pitnick et al. 1995; Guirao-Rico S and Aguadé M, unpublished data ). This hypothesis was tested by comparing the nested M1 and MA models (test 1) and also by using the more stringent comparison between the MA and MA fix models (test 2). Both test 1 and test 2 yielded highly significant results (table 3), suggesting that positive selection had driven the fixation of nonsynonymous changes at some codons of the InR gene in the branch connecting the two subgenera. The BEB method was used to identify the encoded amino acid residues that had potentially been under positive selection. A total of 13 codons were predicted, with 8 located in the extracellular InR domains. The location of these sites and their associated BEB posterior probability are shown in table 4, whereas likelihood values under each model, LRT P values and parameter estimates are available in table 3 and supplementary table S1 , Supplementary Material online.
The number and location of the selected sites predicted by the BEB method were rather similar when 2Dl, twice the difference of the log likelihood between two nested models. Statistical significance is indicated in bold. The G subindex is added to models for the analysis of partitioned data.
a See the Materials and Methods section for a description of the models and the different tests performed. a Amino acid changes that could not be polarized. P value, BEB posterior probability; *P . 0.95; **P . 0.99. In bold, sites predicted by both the PAML and the TreeSAAP programs. P r , polar requirement; P t , turn tendencies; a n , power to be at the N-terminal; a c , power to be at the C-terminal; R a , solvent accessible reduction ratio. 1728 Guirao-Rico and Aguadé a reduced InR alignment (i.e., the Gblocks-InR alignment) and the complete InR alignment were used, which allows discarding any possible artifactual effect either of misaligment or of eliminating the most variable parts of the coding region. The analysis of the amino acid substitutions detected in the 12 Drosophila species phylogeny in the context of physicochemical changes (Woolley et al. 2003; McClellan et al. 2005) revealed that some of the sites where an excess of radical substitutions was predicted were among the 13 sites previously detected by the PAML analysis (4 of 13). This was the case for sites 435, 564, 631, and 1,534 , where the detected substitutions affected one chemical (P r ) and four conformational (P t , a n , a c , and R a ) properties (table 4) .
The InR protein sequences of four insect species (A. aegypti, B. mori, T. castaneum, and A. mellifera), and their corresponding coding regions, were used to polarize the predicted amino acid replacements in the branch separating the Sophophora and Drosophila subgenera. Six of the 13 substitutions could not be polarized either because of alignment gaps or because they were located in the C-term domain that has only been described in Drosophila. Six of the seven amino acid replacements that could be polarized were in the branch leading to the Drosophila subgenus.
Amino Acid Substitutions, Known Functional Mutations, and 3D Structure
The location in the InR protein of the inferred positively selected substitutions was compared with that of known functional mutations annotated in RILM (see Materials and Methods). Seven of the nine positively selected substitutions with information available in RILM were less than three residues apart from the nearest known structural mutation. One of these seven substitutions was indeed located in the CR domain (site 304) at the same site as a missense mutation in the DAF-2 Insulin/IGF-1 receptor in Caenorhabditis elegans. This location at the same or adjacent positions as known functional mutations would suggest that positively selected substitutions could be closely associated with key functional regions of the InR protein.
To explore the putative functional relevance of the amino acid replacements identified by the ML analysis, the 3D structure of the InR extracellular domains of D. melanogaster was modeled using as a template the human ectodomain (see Materials and Methods). Similarly to the template structure, the modeled structure had a typical ''inverted V'' arrangement relative to the cell membrane, with one leg formed by the L1, CR, and L2 domains and the other leg by the three FNIII domains (McKern et al. 2006) . Figure 1B shows the location in the 3D structure of the sites predicted by the BEB method to have been positively selected. Interestingly, most of these sites are located in the domains involved in ligand binding (e.g., Val 19 within the first 68 residues of the L1 domain, Pro 304 lies in the central modules of the CR domain, and Asp 564 immediately after one of the loops of the FNIII 0 domain).
Discussion
Positive selection is the driving force of adaptive change. Uncovering the footprint left by positive selection on DNA sequences can lead to the identification and characterization of particular adaptive changes, and therefore contribute to a better understanding of adaptation. Many specific statistical tests have been developed that differ in their ability to detect the signature of selection acting on a particular evolutionary timescale. Comparing nucleotide sequence variation at candidate genes within and between species might therefore unveil old as well as recent selective events.
Drosophila melanogaster is a cosmopolitan species that originated in Sub-Saharan Africa and expanded its range after the last glaciation (i.e., ;10,000-15,000 years ago; David and Capy 1988; Lachaise et al. 1988) . The analysis of nucleotide polymorphism in derived populations might detect, therefore, the rather recent selective events that undoubtedly contributed to the species adaptation to temperate zones. Our survey of variation at the InR gene in a sample of a European population of this species did not provide any indication of a recent and strong selective event in this genomic region.
Comparison of coding sequence variation within and between closely related species can reveal the more longlived footprint left by bouts of adaptive amino acid replacements soon after the species split. The significant result of the MK test when applied to the InR gene would point to an excess of nonsynonymous to synonymous fixed changes in the lineage leading to D. melanogaster. Although changes in effective size, and consequently in the N e s product, can cause false-positive results (McDonald and Kreitman 1991) , this seems unlikely in the present case given the bottlenecked character of the studied population and the diminished codon bias in the D. melanogaster lineage (Eyre-Walker 2002; Andolfatto 2005) . Hence, positive directional selection would have driven some amino acid changes to fixation in the D. melanogaster lineage. More specifically, the putative adaptive changes would have probably affected the InR cytosolic region. Indeed, when the MK test was performed separately for the regions encoding the extracellular and cytosolic parts of the protein, only the latter test yielded a significant result (P value 5 0.02).
The ML analysis of the InR-coding region among lineages (branch models; Yang 1998; Yang and Nielsen 1998) revealed 1) low x ratio estimates (ranging from 0.015 to 0.26) and 2) significantly different x values across lineages. These results indicate that overall the InR protein has been subjected to strong purifying selection across the phylogeny although the level of functional constraint on this receptor has varied among lineages. Moreover, the partitioned data analysis based on prior knowledge of the protein 3D structure detected significantly different x values among the different domain-encoding regions, which indicates a differential strength of purifying selection among regions. The test is, however, not informative about the particular domain encoding regions subject to similar levels of functional constraint, given that the likelihood models do not provide sampling errors for parameter estimates.
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The ML analysis using site models failed to reveal the putative action of recurrent positive selection on specific codons of the InR gene across the phylogeny. Branchand-site models might be powerful to detect adaptive amino acid changes in a particular branch or branches. Application of branch-and-site models using the branch separating the Sophophora and Drosophila subgenera as the foreground branch revealed that in this branch, nonsynonymous changes in a small subset of codons of the InR gene might have been driven to fixation by positive selection. Moreover, a subset of these sites was among those that exhibited an excess of substitutions greatly affecting some physicochemical properties, which would point to their biological relevance. Finally, the rather coincidental location of most residues predicted to have been positively selected and known structural mutations or functional epitopes, in the domains involved in insulin binding ( fig. 1B) would lend further support to the adaptive character of the detected replacements.
The InR protein would have likely undergone multiple adaptive changes soon after the split of the Sophophora and Drosophila lineages (;63 Ma; Tamura et al. 2004) , and soon after the split of D. melanogaster and D. simulans (;5.4 Ma; Tamura et al. 2004 ). The oldest selective changes could have affected either the insulin binding or the signal-transduction capacities of the receptor, as indicated by the location of the putative positively selected residues in various extracellular and cytosolic domains of the protein. In contrast, the more recent selective events might have driven to fixation mutations only affecting signal transduction. Indeed, in the D. melanogaster lineage, only the region encoding the cytosolic domains of the receptor exhibited a significant relative excess of nonsynonymous fixed changes, with most fixed amino acid replacements in the Drosophila-specific C-terminal domain, which might have affected the additional signaling capabilities of the InR tail. These observations raise the possibility that selection acted differently at the D. melanogaster lineage than after the split of the Sophophora and Drosophila subgenera. Indeed, natural selection is opportunistic and similar adaptations might be achieved through changes at different parts of any particular gene.
Supplementary Material
Supplementary figures S1-S3 and supplementary table S1 are available at Molecular Biology and Evolution online (http://www.mbe.oxfordjournals.org/).
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